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Advanced oxidation of organic pollutants with TiO2 photocatalysts is limited due to the wide
bandgap of TiO2, 3.2 eV, which requires ultraviolet (UV) radiation. When nanosized TiO2 is
modified by carbon doping, charge recombination is inhibited and the bandgap is narrowed,
allowing for efficient photodegradation under visible light. Here, we propose a flame spray
pyrolysis (FSP) technique to create TiO2. The facile process of FSP has been successful in
preparing highly crystalline TiO2 nanoparticles. Using the same procedure to deposit TiO2 onto
biochar, the photocatalyst was doped by the carbonaceous material. The morphology, crystalline
and electronic structure of the FSP TiO2 and TiO2-decorated biochar (TiO2-BC) were characterized
by SEM, XRD, TGA, DLS, and diffuse reflectance UV-vis spectroscopy. Photocatalytic
performance of TiO2 and TiO2-BC was investigated for model organic contaminants in an aqueous
solution under UV and visible light, which will be compared to that of Degussa P25 TiO2 as a
control.
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CHAPTER I
INTRODUCTION
1.1

Introduction
Pollutions of groundwater, surface water, and marine waters are a significant problem due

to their toxicity to natural elements as well as for drinking water. Worldwide, 70% of water
pollution can be attributed to the agricultural industry, largely consisting of organic compounds
found in fertilizers and pesticides.1 Remediation techniques such as adsorption, coagulation,
filtration, and precipitation have been put into place to avoid contamination, but these treatment
methods have their limitations. Current methods require secondary treatment of pollutants since
contaminants remain as heavy metals, and toxic chemical compounds.2 In addition to further
treatment, these processes also use large amounts of energy and chemicals resulting in their own
forms of pollution. Therefore, a sustainable method of pollution mitigation is needed.
An advanced oxidation process (AOP) with photocatalysts is a promising technique
because of the potential to degrade pollutants using energy from the sun, a sustainable energy
source. It also eliminates the need for the secondary treatment because organic pollutants are
degraded into CO2, H2O, and other non-toxic, low molecular weight compounds. Among many
photocatalysts, titanium dioxide (TiO2 or titania) is one of the most promising ones for organic
contaminant degradation due to its high photocatalytic activity along with low cost and low
toxicity.3
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Limitations of TiO2 photocatalytic degradation do, however, exist for its practical use as a
water remediation technique. A wide energy barrier between the valence and conduction bands,
i.e., a bandgap hinders the photocatalysts’ ability to absorb visible light waves. Commercial TiO2
has a bandgap around 3.2 eV and UV light waves, between 100 and 400 nm, carry between 4 eV
and 4 keV which is high enough energy to excite electrons to overcome the larger energy barrier.
However, visible light waves range from 400 to 700 nm, occupying only a fraction of sunlight,
primarily carrying between 1.8 and 3.1 eV, which is not high enough to excite electrons to
overcome the large bandgap of TiO2.4 Thus, recombination rate, the rate of which excited electrons
return to their original state, i.e., a valence band, increases, thereby diminishing overall
photocatalytic performance and potential of TiO2 as a sunlight-responsive photocatalyst. As a
result, modification of the photocatalyst to narrow its bandgap and lower the recombination rate is
needed.2
A promising facile technique for the synthesis of TiO2 is flame spray pyrolysis (FSP).
During this process, a gas, liquid, or gas/liquid mixture phase precursor is sprayed through a
combustion source, leading to pyrolysis of the precursor into a solid.5 Because of the high local
temperature of a flame source (up to 1000 °C) and very short residence time for pyrolysis (on the
order of milliseconds), FSP may allow for the synthesis of nanoparticles with unprecedented
materials properties. In this study, titanium tetraisopropoxide (TTIP) in isopropyl alcohol is used
as a titania precursor for the FSP process. During this process, the TiO2 photocatalyst is left in two
different crystal phases, anatase and rutile, each having separate bandgaps.
After fabricating a well-performing photocatalyst, overall efficiency for the removal of
organic contaminants from water can further be improved. Carbon doping, a well-known method
to modify the bandgap of a photocatalyst, can be done by the concomitant synthesis and deposition
2

of TiO2 onto the surface of graphitic biochar, which serves as a carbonaceous support. In addition
to the photocatalytic enhancement from biochar’s conductive nature, biochar may adsorb organic
contaminants relying on physisorption. As a result of successful FSP-TiO2 decoration on biochar,
photocatalytic degradation under visible light will combine with physical adsorption of organic
contaminants to be an efficient water remediation technique.
1.2

Rational and significance
As water insecurity continues to be a major issue worldwide due to natural disasters,

increasing population, and rampant water pollution, there is a need for an efficient water
remediation method.6 An advanced oxidation process (AOP) using photocatalysis has potential to
be an inexpensive, efficient, and sustainable option for degrading pollutants in water, which has
been the issue with many traditional water treatment techniques. There have been many studies
examining AOP of TiO2 photocatalysis for water remediation, but UV light is needed to make the
process efficient and meaningful. However, using a UV light source makes the method less
sustainable and impractical outside of a laboratory setting.
The technique of flame spray pyrolysis promotes homogeneous, nanosized, and highly
crystalline particles because of its high local temperature and rapid cooling.5
Incorporating FSP-made TiO2 to graphitic biochar would further enhance the
photocatalytic efficiency via carbon doping. Biochar can also act as a physical adsorbent of organic
contaminants. By developing an optimal technique of FSP to maximize photocatalytic efficiency
and decorate biochar with TiO2, a method to combine physical adsorption and photocatalytic
degradation of pollutants from aqueous solutions under ambient light conditions can be employed.
By doing so, the problem of expensive, inefficient, and unsustainable water treatment can be
solved.
3

1.3

Objectives

This research proposal aims to achieve the objectives shown below:
•

Fabricate nanosized TiO2 photocatalysts through flame spray pyrolysis.

•

Deposit TiO2 on the surface of graphitic biochar through flame spray pyrolysis.

•

Examine particle size, crystallinity, morphology, and bandgap of the FSP-made TiO2 and
TiO2-biochar (TiO2) to compare with unmodified control TiO2 (P25).

•

Evaluate photocatalytic performance of FSP-TiO2 and TiO2-BC under UV and visible light
in a photocatalytic degradation experiment using an aqueous methylene blue solution as a
model pollutant.

4

CHAPTER II
LITERATURE REVIEW
This chapter will review photocatalytic degradation of organic contaminants for the use of
water remediation. The methods that have been used to modify a photocatalyst and how to test
their efficiency to degrade pollutants will be highlighted. Additionally, biochar, a sustainable
physical contaminant adsorber, is discussed for its efficiency in water remediation and as a source
of a carbonaceous photocatalytic support.
2.1

Global water crisis
Worldwide demand for clean, drinkable water has increased dramatically, mirroring the

rise in human population. This demand, as well as the effects of natural disasters and pollution,
have adversely affected the supply of quality water.6 Of these threats, water pollution, specifically
from agriculture, is a major concern due to the world’s need to increase agriculture production to
meet growing food demand. To accommodate the record-high world population, the agricultural
industry is using large amounts of agrochemicals such as fertilizers and pesticides in order to
maximize their crop. Unfortunately, these chemicals, as well as other organic pollutants from
farms, are often draining into bodies of water, contaminating ground, surface, and marine waters.1
In fact, approximately 80% of agricultural wastewater enters the environment untreated, being the
highest source of water non-point source pollution.6
Current water treatment techniques rely on adsorption, coagulation, filtration, and
precipitation which concentrate pollutants in an area, but does not eliminate them. Secondary
5

treatment is needed to completely eradicate the pollutants.7 In addition, these methods often have
high costs, use toxic chemicals, have large energy usage, and long treatment times.2 Thus an
efficient, sustainable, and low-cost organic pollutant remediation technique is needed to tackle the
global water crisis.
2.2

Photocatalysis water remediation
Water remediation using photocatalysis is a technique that is gaining traction because of

its potential as a sustainable solution to tackle the environmental issue of water pollution. When a
semiconducting photocatalyst absorbs light energy, the excitation of electrons from the valence
band to the conduction band occurs, leaving positively charged holes in the valence band. The
created holes on the catalyst capture water molecules and oxidizes them into hydroxyl radicals,
which have extreme oxidizing abilities. Organic pollutants, when interacting with these hydroxyls,
decompose into compounds such as H2O and CO2. In addition to the oxidation mechanism,
reduction can easily occur in organic pollutants due to the presence of atmospheric oxygen.
Conduction band electrons react with oxygen to form O2, and H2. The oxidation and reduction
reactions result in nontoxic compounds rather than the original organic pollutant.8 The
semiconducting photocatalysts that are capable of this process have a bandgap between 3 and 4.5
eV, which include TiO2, Fe2O3, WO3, ZnO, CeO2, CdS, ZnS, MoO3, ZrO2, and SnO2.9,10 An
appropriate bandgap is important in the photocatalysts because shorter energy barrier between the
conduction band to the valence band requires less energy to excite electrons.
Recombination rate, the rate of which once excited electrons return and recombine to create
an electron-hole pair, is also an important factor for a photocatalyst. In general, a lower
recombination rate means the separated electrons and holes are more likely to participate in
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photocatalytic degradation, which will result in higher photocatalytic efficiency to degrade
pollutants because more reactions can occur.11
TiO2 has gained a lot of attention due to its high photocatalytic efficiency, low cost,
stability, and nontoxicity. TiO2 exists in three different crystalline phases, e.g., rutile, anatase, and
brookite, all with separate photocatalytic efficiencies. An anatase phase has a higher photocatalytic
activity but is slightly less stable with higher recombination rate. Rutile has a lower activity, yet it
is more stable with lower recombination rate while brookite is harder to identify and much less
studied for its photocatalytic performance.12,13 A mixture of both anatase and rutile phases has
been shown to have a higher photocatalytic activity than either in their pure form.11,14 Determining
the most efficient compositional ratio and spatial distribution of them is important to make
photocatalysis a viable option for water remediation.

Figure 2.1

Redox reaction mechanism for the photocatalytic process8
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2.2.1

Limitations
TiO2, as well as other photocatalysts, has their limitations making it difficult to consider a

serious replacement for traditional water remediation techniques. Although TiO2 photocatalyst
utilize light energy to degrade pollutants in water, its performance is limited because of the narrow
region of wavelengths it can absorb. Photocatalytic efficiency is optimized by the ultraviolet region
(100 nm - 400 nm) and only utilizes about 5% of the electromagnetic spectrum from the sun.2 This
is because visible light waves (400 to 700 nm) only carry between 1.8 and 3.1 eV while UV carries
between 4 eV and 4 keV.4,10 Since commercial TiO2 has a bandgap between 3.5 and 3.2 eV, UV
light is able to overcome the energy barrier while visible light cannot. To be more efficient and
sustainable, taking advantage of visible light is necessary. In order to do that, bandgap of the
photocatalyst must be narrowed, allowing electrons to become excited while using less intense
light energy and recombination rate needs to be lowered to hinder electron hole replacement.
Strategies to modify titania particles are of interest to overcome these obstacles.
2.3

Modification of photocatalysts
Modification of semiconductors to enhance their photocatalytic performance can be done

in several ways. Each attempt is to improve light utilization by narrowing bandgap and improving
recombination rate. This can be done by modifying the process of synthesizing particles and
treating the particles after synthesis.
When a photocatalyst is nanosized, having particles less than 100 nm, the material
improves its photocatalytic properties. Nanoscale catalysts increase surface area and decrease the
distance electrons need to travel to interact with the pollutant. This, in turn, improves the
photocatalytic and pollutant degradation efficiency.8 Thus, during fabrication and modification,
ensuring the particles are nanosized is of interest.
8

2.3.1

Metal doping
One of the most common methods of modification is by metal doping. During this process,

a semiconductors surface is put into contact with a metal. Electrons are drawn to, and trapped by
the metal, thereby reducing the recombination rate.15 With the redistribution and introduction of
electrons, the center of gravity of the energy bands change, shifting the band gap. The reduction
of recombination rate along with shortening of bandgap increases photoactivity.16 Although this
method is simple and effective, metals are generally expensive, especially for large scale
applications. Metals are also a nonrenewable, limited resource which lowers the sustainability of
this process.
2.3.2

Carbon Doping
Doping a semiconductor with carbon is a more sustainable method to modify a

photocatalyst because of its abundance and renewability. Carbon based nanomaterials such as
carbon nanotubes and graphene have high electrical conductivity and a large surface area.17 Like
metal ions, carbon based nano-materials may accept and donate electrons to a photocatalyst,
reducing its recombination rate.18 Although abundance of carbon logically should make this
process inexpensive, current practices are not used commercially as the production of carbon
nanotubes and graphene is costly. Using biochar, an abundant low-cost material, as a source for
carbon doping could be a solution for this issue. Additionally, biochar can be prepared in ways
that effectively form a graphitic layer on the surface of biochar, further increasing its conductivity,
therefore its doping ability.

9

2.3.3

Thermo-modification
Exposing a photocatalyst to high temperatures can affect its bandgap. When exposed to

high temperature the crystal lattice structure expands, increasing the spacing between interatomic
bonds, therefore weakening them. With these weaker bonds, less energy is required to get an
electron from the valence band to conduction band.19
During fabrication, altering the temperature causes the crystal phase of titania to change.
The anatase phase in TiO2 has higher photocatalytic efficiency but is metastable, often
transforming to the rutile phase. For example, when annealed at 1100 °C, there is an increased
amount of anatase crystals due to incomplete transformation to rutile.20 In their pure forms, anatase
phase has higher efficiency. However, a mixture of the two phases has proven to degrade pollutants
faster.21 Altering temperature to result in optimized crystalline phase ratios for photodegradation
is of interest to researchers.
2.4

Flame spray pyrolysis (FSP)
A method of synthesis of metal oxide based photocatalysts that shows great potential is

flame spray pyrolysis. During this process, a gas, liquid, or gas/liquid mixture phase precursor is
sprayed through a combustion source, leading to pyrolysis of the precursor into a solid. The high
thermal gradient (Δ~100 °C/cm) with short residence time on the order of milliseconds promotes
the synthesis of nanosized oxide semiconductors with high crystallinity.5 After spraying the
material into a flame, the precursor vaporizes forming metal vapor. Crystal formation begins as
the material solidifies. Particles then aggregate together before collecting on a surface, typically
by vacuum containment.5 In addition, the thermal decomposition of the TiO2 precursor may result
in the formation of residual hydrocarbons. The present hydrocarbons can possibly be a source for

10

carbon doping.22 The ease of use and low capital investment of FSP as well as bandgap narrowing,
shows the potential for the facile synthesis of nanosized photocatalysts.
2.5

Characterization of photocatalysts
Characterizations of photocatalysts describes the advantages and shortcomings in how they

will perform in a photodegradation experiment. Crystallinity is examined via X-ray diffraction
(XRD), which show crystalline and amorphous domains as well as the composition of crystalline
phases. Scanning electron microscopy (SEM) helps to estimate particle size and examine surface
morphology. Additionally, dynamic light scattering (DLS) is used to determine the size
distribution profile of the particles. Fourier transform infrared spectroscopy (FTIR) examines the
elemental makeup of the photocatalyst as well as the molecular bonding within.
Thermogravimetric analysis (TGA) estimates organic contents and purity of the material.
Ultraviolet-visual spectroscopy (UV-vis) with integrating sphere measures diffuse reflectance of
the photocatalyst which is used to calculate optical bandgap via the Kubelka-Munk function.
2.6

Biochar for water remediation
Biochar has been widely used as a physical adsorbent for the removal of pollution

compounds from water. This is due to its high surface area, porosity, and abundance of functional
groups on its surface making it highly efficient in trapping contaminants.23 The popularity also
stems from the low cost of production, as it can be made from the pyrolysis of traditionally low
value agricultural and forest residues. Unfortunately, biochar is limited because after taking on
contaminants, the biochar reaches a saturation point and can remove no additional compounds.
Modification of biochar, either physically, chemically, or biologically can improve the sorption

11

properties and is referred to as activated biochar. However, these processes can be costly and time
consuming.24
2.7

Biochar-supported photocatalysts
When used alone, photocatalysts and biochar have their limitations for water remediation

but, using biochar as a support for photocatalysts has garnered attention to overcome these barriers.
Biochar can be made to be electrically conductive with its high carbon content and numerous free
electrons. When in contact with the TiO2 photocatalyst, these free electrons occupy holes in the
valence and conduction bands therefore increasing density, shifting the bands closer together. At
the same time, the high recombination rate of photocatalysts can be reduced because of the lack of
unoccupied holes. The enhanced separation and transfer of ions are a result of carbon doping. In
turn, wide bandgap can be shortened, utilizing light energy more efficiently to degrade pollutants.
In addition to its photocatalytic support, biochar, because of its porosity and high surface energy,
adsorbs organic pollutants. Because of the combination of photocatalytic efficiency and high
adsorption, numerous methods have been attempted to create a biochar supported photocatalyst.
These methods include sol-gel, ultrasound, solvothermal, co-carbonization, and hydrolysis.25 Cocarbonization to fabricate biochar supported TiO2 photocatalyst. However, during this process,
low crystallinity was shown likely due to high amorphous regions in the material.
2.8

Photodegradation experimentation
To test the efficacy of photocatalysts as an environmental remediation method, a

photodegradation experiment must be performed. Removing organic pollutants and dyes are of
focus because they are highly water-soluble and are difficult to remove via traditional waste water
treatment methods.26 Methylene blue (MB) is a commonly used organic dye whose concentration
12

can be determined spectrophotometrically, making it a good model compound for evaluating
photocatalytic activity.27 A photodegradation procedure has been established and is commonly
used by researchers. In a glass photoreactor, a MB solution in water and is magnetically stirred
with photocatalyst particulates. The photoreactor is placed underneath a light source while
vigorously stirred. At various time intervals, a 3 mL sample was removed from the solution and
filtered through a 0.2 µm Millipore membrane. The concentrations of MB degraded in each sample
is measured by UV-visible spectroscopy.26
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CHAPTER III
MATERIALS AND METHODS
3.1

Materials
The commercially available nanosized TiO2, P25 (Aeroxide P25, Acros Organics) was

used to compare with the FSP synthesizes particles. The liquid Ti-precursor, titanium
tetraisopropoxide (>98% purity, Acros organics) was used with isopropyl alcohol (2-propanol,
LabChem). Fuel cylinders used for FSP include butane (Blazer), propane (Bernzomatic), and a
substitute for the mixture of methylacetylene, propadiene, and propane (MAPP), (Bluefire Modern
MAPP). Ethanol (200 proof, Fisher Chemical) was used as a solvent to make a TiO2 suspension.
Wood sawdust was collected from the woodshop of the Department of Sustainable Bioproducts at
Mississippi State University to prepare into biochar with Ferric nitrate nonahydrate
[Fe(NO3)3⋅9H2O] (98% purity) that was purchased from Fisher Scientific Inc. Barium sulfate
[BaSO4] (Wako Pure Chemical Industries) is used to mix with TiO2 in diffuse reflectance UV-vis
spectroscopy. Methylene Blue dye (Sigma-Aldrich) was used as a model pollutant for
photodegradation experiments.
3.2

Synthesis of TiO2 nanoparticles
TiO2 particles were synthesized by FSP with a liquid Ti-precursor. A solution of titanium

tetraisopropoxide [C12H28O4Ti] (TTIP) in isopropyl alcohol (IPA) was prepared at varying TTIP
concentrations. In this study, solutions of 5%, 10%, 15%, 20%, and 25% of TTIP in IPA were
made. To start the FSP process, an airbrush was placed 10 cm from an aluminum pan while
14

intersecting a torch flame that was set 12.5 cm from the pan. As summarized in Table 3.1, the
various flame temperatures were used by using butane, propane and MAPP. As shown in Figure
3.3, the liquid precursor was fed through the airbrush, intersecting the flame at a 10-degree angle.
After cooling, an aluminum collection pan was scraped with a razor blade to collect TiO2 powders.
Each sample can be identified by the fuel type used to make it, followed by its concentration as
shown in Table 3.2.
Table 3.1

Temperature of torch flame measured at the tip of inner blue flame by type K
thermocouple.
Fuel
Butane
Propane
MAPP

Figure 3.1

Temperature
1005 °C
1050 °C
1175 °C

An overhead view of the FSP set up showing the airbrush intersecting the flame at
a 10-degree angle before hitting the aluminum collection pan.
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Table 3.2

Flame Spray Pyrolysis TiO2 (FSP-TiO2) samples are referred to as the fuel used
during fabrication followed by the concentration of TTIP.

Fabrication
Fuel

Concentration of TTIP

3.3

5%

10%

15%

20%

25%

MAPP

MAPP 5%

MAPP 10%

MAPP 15%

MAPP 20%

MAPP 25%

Propane

Propane
5%

Propane
10%

Propane
15%

Propane
20%

Propane
25%

Preparation of graphene-decorated biochar
Prior to carbonization, 20 g of wood sawdust were immersed into Fe(NO3)3 solution

containing 2.5 g Fe3+, followed by stirring at 80 °C for 4 h using a magnetic hot plate. Then, the
Fe3+-impregnated sawdust was obtained by increase the temperature of the hot plate to 300 °C to
evaporate the solution. Next, the wet Fe3+-impregnated sawdust was oven-dried at 80 °C for three
days to obtain dried specimens. Carbonization of Fe3+-impregnated sawdust was carried out in an
electric tubular furnace, where the sawdust was loaded in two ceramic boats which were placed in
the middle of a 2 in.-quartz tube and inserted into the furnace. The carbonization began with
purging nitrogen gas (1 L/min) to the tube for 15 minutes, followed by raising the temperature to
1000 °C at a ramping rate of 20 C/min. After maintaining the temperature at 1000 °C for 1 h, the
furnace was turned off. After the furnace naturally cooled to room temperature, samples were taken
out and nitrogen flow is stopped. The acid purification was conducted by boiling 5 g graphenedecorated biochar in 100 mL 1 M HCl for 4 h. Then the purified sample was collected through
filtration, followed by washing the sample with plenty of distilled water to remove the residual
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HCl. After oven drying at 103 °C for 24 h, the acid purified sample was collected and used for
characterization, as well as FSP and photocatalytic degradation experiments.

3.4

Synthesis of TiO2-decorated biochar
A similar FSP process was carried out to deposit TiO2 onto the surface of the prepared

biochar. TTIP and IPA were combined at a concentration of 15% TTIP in IPA. An airbrush was
placed 22.5 cm and propane torch 25 cm from a Buchner funnel (110 mm in diameter) that was
connected to vacuum. A glass fiber filter (Fisher Scientific, G6) placed inside the funnel with 100
mg of biochar held to the surface by vacuum suction. As seen in Figure 3.2, the distances for the
torch and flame from the collection funnel were further than that of the process with aluminum
pan to avoid the combustion of the glass fiber filter. The liquid precursor was fed into the airbrush,
intersecting the flame, and directed at the biochar covered filter.

Figure 3.2

A set up for TiO2 FSP decoration of biochar. An airbrush and torch intersect while
aimed at biochar held vertically by vacuum suction.
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The time spent coating the biochar was varied to alter the amount of TiO2 on the biochar.
A series of 4, 8, and 12 minute treatments were underwent. Halfway through the fabrication, the
process was stopped to stir the biochar before resuming, intending to coat TiO2 evenly on biochar.
These samples are referred to as FSP made TiO2-BC4, TiO2-BC8, and TiO2-BC12, respectively.
3.5

Calculated yield of TiO2 by FSP
To calculate the yield of TiO2 from FSP, the mass of Ti atoms in 1 mole of TTIP precursor

(47.867 g) are divided by TTIPs molar mass (284 g/mol) to determine weight of Ti per gram of
TTIP. By the same method using the molar mass of TiO2 (79.866 g/mol), the Ti weight per gram
of TiO2 is calculated. In multiplying these values by the grams of TTIP used and TiO2 collected,
the final yield is calculated.
3.6

Characterization of TiO2 and TiO2-BC (biochar) particles
To understand the effects of FSP on the properties of the produced TiO2 and TiO2-BC particles,

a series of characterizations were carried out.
3.6.1

Scanning electron microscopy (SEM)
Morphology and size of the TiO2 particles were observed using a field-emission scanning

electron microscope (JSM-6500F, JEOL USA) at a 5 kV accelerating voltage. The specimen was
sputter-coated with a 10-nm thick layer of platinum before imaging.
The composition of TiO2-BC samples were studied by SEM equipped with EDS analyzer
(INCA, Oxford Instruments, UK). EDS was carried out to validate the presence of TiO2 in TiO2BC samples and to estimate the spatial distribution of TiO2 in the samples.
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3.6.2

Dynamic light scattering (DLS)
To examine the size distribution profile of TiO2, dynamic light scattering analysis

(ZetaPals, Brookhaven Instruments) was conducted. For analysis, a 0.002% solution of TiO2 was
made in ethanol before ultrasonication for 5 minutes.
3.6.3

X-ray diffraction (XRD)
Crystallinity and phase content of TiO2 were studied with a Rigaku Ultima III X-ray

Diffraction System (Cu Kα radiation, λ = 1.5406 A) at an operating voltage of 40 kV and a current
of 44 mA. XRD pattern processing was conducted using the software MDI JADE to determine
crystalline phases distribution. With the XRD patterns, the size of a crystal can be estimated with
the Scherrer’s Formula:

𝐷𝑝 =

𝐾𝜆
(𝐵 𝑐𝑜𝑠𝜃)

(3.1)

where Dp is crystal size in nanometers, K is the Scherrer constant, 𝜆 is the x-ray wavelength, B is
the full width at half maximum of the peak, and 𝜃 is the degree in which the peak is positioned.
3.6.4

Fourier transform infrared spectroscopy (FTIR)
Molecular bonding and elemental make up were verified by Attenuated total reflectance -

Fourier transform infrared spectroscopy (ATR-FTIR, PerkinElmer Spectrum Two equipped with
a universal ATR element, PerkinElmer Ltd., Bucks, UK) in a frequency range between 400 and
4000 cm−1 at a resolution of 4 cm−1.
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3.6.5

Thermogravimetric analysis (TGA)
To examine purity and organic contents of TiO2 and the TiO2-BC particles, TGA (Thermo

Scientific SDT Q600) was carried out with a specimen mass of about 5 mg that was placed in an
alumina crucible. A thermal scan was conducted from room temperature up to 600 °C with a
heating rate of 10°C/min in a flowing nitrogen atmosphere (99.99%, 100 ml/min) under ambient
pressure.
3.6.6

Ultraviolet-visible spectroscopy (UV-Vis)
The bandgap of TiO2 and TiO2-BC, as well as the concentration of organic contaminants

during photocatalytic degradation was determined spectrophotometrically using an ultravioletvisible-near infrared spectrophotometer (Shimadzu, UV-3101PC) equipped with an integrating
sphere (Shimadzu, IRS-3100) allowing for diffuse reflectance spectroscopy (DRS). For the
concentration of methylene blue (MB) as a model organic contaminant, absorbance was measured
between 250 and 750 nm with diluting an aqueous MB solution with deionized water.
To measure the bandgap, reflectance (%) was taken by using the integrating sphere with a
powder sample holder where a 1/25 ratio of TiO2 or TiO2-BC was tightly packed with BaSO4.
Using the Kubelka–Munk function a Tauc plot was created where:

((𝜅/𝑠) ℎ𝜈)2
(3.2)

was plotted against h𝜈; where h is planks constant, 𝜈 is the wavelength, 𝜅 is the molar absorption
coefficient, and s is reflectance percent. The curve was then linearly fitted to determine a slope
and an intercept. To calculate the bandgap, the following equation was used:
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𝑒𝑉 =

−𝑏
𝑚

(3.3)

where eV is electron volt energy (bandgap), m is a slope, and b is the y intercept. The Kubelka–
Munk function used to make the P25 Tauc plot is shown in Figure 3.3, with bandgap calculated
from linear fitting.

Figure 3.3

3.7

P25 Tauc plot with a linear fit which is used to calculate bandgap.

Photocatalytic degradation test
TiO2 and TiO2-BC particles were evaluated for photocatalytic efficiency in UV and visible

light conditions for both neat TiO2 and TiO2-BC. To do this, a photocatalytic degradation test was
carried out using methylene blue (MB) dye as a model pollutant. A 100 mL of MB solution
containing 96 mL DI water and 4 mL of 1000 ppm MB, was mixed and magnetically stirred with
50 mg of titania particles for 30 minutes in the dark to allow physisorption of MB onto the surface
of TiO2 to reach equilibrium. After the initial 30-minute stirring, the concentration of MB in the
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solution was defined by Co. UV or visible light was shined on the solution for the photodegradation
test. The UV lamp used was an OSRAM, Ultra-Vitalux with 300 W of power, and the visible light
was an LED Corn Lamp with 60 W of power. Figure 3.5 shows the general photodegradation test
set up.
During UV testing, samples were taken at 10, 20, 30, 45, 60, 75, and 90 minutes after the
light was turned on. The collected sample solutions were injected through a 0.22 µm syringe filter
(0.22 µm nylon syringe filter, Fisherbrand) and stored in an amber glass vial to prevent any
undesired photodegradation. As the visible light source was less intense, the test was longer,
sampling at 30, 60, 90, 120, 150, and 180 minutes, which are processed the same as the UV
samples.

Figure 3.4

A picture of the photocatalytic degradation test performed with UV and ambient
light. A round bottom flask containing MB, water and TiO2, undergoes magnetic
stirring under light irradiation.
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The TiO2-BC photodegradation tests were done under the same test set up with minimal
adjustments to the process. Because the TiO2-BC samples combine both photocatalytic and
physical adsorption mechanisms, the concentration of MB was increased for these samples. The
solution was made with 94 mL of DI water and 6 mL of 1000 ppm MB. Additionally, because of
the combination of mechanisms, sampling under visible light was done more frequently at 10, 20,
30, 45, 60, 75, 90, 120, 150, and 180 minutes.
3.7.2

Photocatalytic measurements
Measuring the concentration of dye remaining in the solution describes the efficiency of

photocatalytic degradation. To do this, the samples taken during the degradation test were
measured in a UV-vis spectrometer (Shimadzu, UV-3101PC). The absorption peak characteristic
of methylene blue (660 nm) was used to quantify the remaining dye in each sample and is referred
to as concentration. This was then used to calculate the percentage that was degraded by the
equation:
𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) = [1 −

𝐶𝑡
] × 100
𝐶0

(3.4)

where C0 is the concentration (UV-vis absorbance) at the beginning of the test before light
exposure and Ct is the concentration of dye in the solution after a given time (t) of exposure. The
Ct / C0 is plotted to display degradation and pollutant removal over the time of the UV of visible
light exposure.
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CHAPTER IV
RESULTS AND DISCUSSION
4.1

Fabrication of TiO2
It is important to note the differences in FSP fabrication of TiO2 depending on the

concentration of TTIP in the sample. The lowest concentrations would logically take a longer time
to collect the desired amount of TiO2, powder. On the other hand, as the concentration increases,
clogging of the airbrush occurs more frequently, requiring a halt to the process to clean the brush
before resuming. Average fabrication yields of TiO2 by FSP is shown in Table 4.1. There is a
notable difference in yield between the two attempted collection methods. Yield under vacuum
suction, which is used for the TiO2-biochar FSP, is ten times greater that on the aluminum plate
without vacuum. Since vacuum suction draws and holds particles to the substrate, the amount of
TiO2 that is lost to the surrounding environment is decreased. The vacuum collection method
mimics commercial aerosol flame reactors for nanoparticle production.5
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Table 4.1

FSP-TiO2 yields dependent on the TTIP concentration and the collection method:
on an aluminum plate without vacuum and on a glass fiber membrane under
vacuum are shown.

TiO2 FSP onto aluminum
plate without vacuum
suction
TiO2 FSP onto glass fiber
membrane with vacuum
suction

Table 4.2

Concentration
5%
10%
15%
20%
25%

Yield
1.89%
2.63%
3.06%
3.08%
3.01%

15%

44.67%

Average fabrication yield and time to spray 60 ml of TTIP precursor in IPA
through the airbrush collected on an Al plate without vacuum. The average time to
produce the desired 200 mg of TiO2 powder is shown.

Avg. Yield per 60 ml

Avg. Time per 60 ml

Time to Produce 200 mg

5%

15.3 mg

52 m

11.2 hr

10%

42.6 mg

41 m

3.2 hr

15%

74.4 mg

38 m

1.7 hr

20%

99.8 mg

28 m

0.9 hr

25%

121.6 mg

31 m

0.8 hr

When considering the feasibility of the process, it is advantageous to pursue the most
efficient concentrations of the precursor. As demonstrated by the average time to produce 200 mg
of TiO2 displayed in Table 4.2, 15% samples showed relatively fast production and infrequent
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airbrush clogging, therefore, will be examined in detail. To aid in efficiency and increase feasibility
of the process, an additional airbrush was added.

Figure 4.1

Dual airbrush FSP set up to increase production rates.

The FSP production of TiO2 with butane fuel was halted and no longer pursued early in the
study. This was because no comparable torch was found that could utilize butane tanks. The
butane-TiO2 samples did not show crystallinity and it was unclear if this was due to the smaller
torch with a less intense flame, as shown inf Figure 4.2. To avoid inconsistencies in the production,
MAPP and propane fuels were studied.
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Figure 4.2

Butane (top) has a smaller flame due to less intense torch compared to the
interchangeable MAPP and propane torch (bottom).

As seen in the schematic showing how FSP works in Figure 4.3, during the FSP process,
highly crystalline nanoparticles were formed. Due to the high temperature of the flame along with
a solvent serving as a fuel, a solubilized metal oxide precursor vaporizes, followed by pyrolysis to
a metal oxide particle. Particle growth may occur due to sintering. Since the particles are only
exposed to the flame for a very short period, a very short residence time would be on the order of
milliseconds. This may prevent further particle growth, leaving them on the nanoscale with
potentially metastable properties. Nanoparticles, even before reaching the collection substrate,
may start to aggregate, as nanoparticles naturally do. The result is highly crystalline, potentially
metastable, TiO2 nanoparticles.5
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Figure 4.3

4.2

Schematic of the FSP process onto an aluminum plate.

TiO2 Decoration of Biochar
To confirm decoration of biochar with TiO2, the weight percentage of Ti was taken using

energy dispersive X-ray analysis (EDS). This elemental analysis was able to determine that
increasing the length of FSP, TiO2 decoration also increased. Changing time from 4 to 8 minutes,
Ti weight almost doubled and continued to rise by an additional 15% on the 12 minute sample. As
shown in Figure 4.4, TiO2 can visibly be seen on the surface of the biochar sample as white, shiny
particles.
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Figure 4.4

4.3

BC-TiO2 after FSP (left) with TiO2 seen on the surface of biochar as white
particles. Neat biochar (right) has no white particles.

Morphology- SEM
Morphologies of control TiO2 (P25) and FSP fabricated TiO2 was examined with SEM.

Figure 4.5 shows the particle size and aggregation P25 (a-b), MAPP 15% (c-d), and propane 15%
(e-f). SEM images display spherical particles just under 100 nm in MAPP 15% and approximately
50 nm in propane 15%. However, as nanosized particles tend to do, the images show aggregation
of TiO2, making it difficult to differentiate individual particles from clumps of particles. We note
that in the FSP-TiO2 (Figure 4.5c to f), the particles appear to agglomerate, forming a smooth
looking matrix like appearance, which may indicate that the current magnification in SEM is too
coarse to accurately estimate the particle size of the FSP-TiO2. P25 shows similar aggregation,
however, the matrix-like appearance seems to be more rigid with more defined boundaries. Particle
growth at high temperature tend to lead to higher aggregation, explaining this smoothness in the
images of FSP-TiO2.5 Aggregation and agglomeration would negatively affect photoactivity as a
surface area is decreased, reducing electron transfer.28
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Figure 4.5

SEM images of P25 (a-b), MAPP 15% (c-d), and Propane 15% (e-f)
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TiO2-BC underwent the same process of SEM to examine TiO2 decoration on biochar. As
seen in Figure 4.6a. the BC4 shows an even distribution of titania showing the successful TiO2
decoration on the surface of biochar. As mentioned before, the weight percentage of TiO2,
increased as FSP time increased and can also be displayed by the SEM images in Figure 4.6b to c.
It appears that some TiO2 particles were stacked on top of each other. This may indicate that the
top layers of photocatalyst would not be able to make an intimate contact to carbon, limiting carbon
doping.

Figure 4.6

BC-TiO2 SEM images display distribution of TiO2 on biochar: (a) BC4, (b) BC8,
(c) BC12, and (d) neat biochar.
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4.4

XRD analysis
X-ray diffraction was used to determine the crystallinity and crystalline phase composition

of the TiO2 powders. The diffraction data, displayed in Figure 4.7, shows the peak intensities of
all fabricated TiO2 photocatalysts and labels the peaks as either being anatase or rutile crystal
phase. This data is used to calculate the weight percentage of each phase within the photocatalyst
as well as to estimate their crystal sizes.

Figure 4.7

XRD data of P25 and FSP-TiO2 with anatase and rutile peaks identified. The
photocatalysts that were made using MAPP are displayed on the left and propane
prepared photocatalysts are on the right.

When comparing peak data of P25 and the FSP fabricated TiO2, there is a noticeable
difference in that P25 has less intense peaks after 27°. The FSP-TiO2 have sharp crystalline peaks
at 36°, 41°, 54°, and 56.5°. When comparing the peaks for the anatase and rutile phases at 25.4°
and 27°, respectively, both MAPP and propane prepared TiO2 generally show the same pattern,
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i.e., anatase percentage increases as concentration of TTIP goes up. It is worth noting the high
rutile percentage in each 10% sample.
As suggested in Table 4.3, increasing temperature from propane to MAPP gas decreased
the average crystal size while rutile TiO2 tends to grow into larger particles than anatase. As
previously studied, it is expected that samples with higher crystal size will experience enhanced
photocatalytic activity.29
Table 4.3

Crystal phase weight percentage gathered form XRD data and calculated by MDI
Jade software and crystal size estimates calculated from the Scherrer’s Formula for
anatase and rutile crystals P25 and FSP-TiO2

TiO2
P25
5% MAPP
10% MAPP
15% MAPP
20% MAPP
25% MAPP
5% Propane
10% Propane
15% Propane
20% Propane
25% Propane

Anatase (%)
86.5
49.9
41.8
56.9
56.7
55.7
28.3
33
48.3
51.3
54.4

Rutile (%)
13.5
50.1
58.2
43.1
43.3
44.3
51.7
67
51.7
48.7
45.6

Anatase (nm)
18.5
17.6
25.9
17.2
16.6
17.2
25.3
24.3
22.9
25.8
22.6

Rutile (nm)
27.6
30.8
37.7
35.1
31.3
31.8
40.9
39.2
33.5
38.4
33.4

XRD of TiO2-BC is shown in Figure 4.8, with control, neat biochar to distinguish between
biochar and TiO2 peaks. The BC4 sample shows little to no evidence of crystalline TiO2. This is
likely because the concentration of TiO2 is much lower than that of biochar, only 4 total minutes
of FSP, making it difficult for the XRD to detect. As FSP time increased, crystallinity seems to
follow as each of the subsequent samples showed significant peaks. BC12 has an increased amount
of anatase phase TiO2, which tends to appear more often after being annealed by high temperatures
due to incomplete transformation to rutile phase. It is possible that the shorter samples had
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insufficient time for the TiO2 to reach high enough temperatures to produce anatase crystals.
However, TiO2 peaks overlap that of neat biochar ~26°, indicating the presence of graphene,
making crystal phases impossible to distinguish.

Figure 4.8

4.5

XRD peak data of BC-TiO2 BC4, BC8, BC12, and neat biochar.

FTIR analysis
FTIR spectra of P25 and FSP-TiO2 are displayed in Figure 4.9. The broad peak at 3400

cm-1 seen in all samples represent surface absorbed water while the peak at 1650 cm -1 shows
hydroxyl groups. Hydroxyl groups typically contribute to the enhancement of photocatalytic
efficiency, therefore, MAPP prepared FSP-TiO2, specifically 5-20%, show higher potential due to
this large peak. This is due to the high charge transfer filling electron holes, thus, reducing
recombination of electrons.30
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Figure 4.9

FTIR of P25 and FSP-TiO2. Propane prepared TiO2 is displayed on the left and
MAPP on the right.

There are no obvious peaks in the FTIR spectra of biochar samples. The lack of
functional groups is characteristic of activated carbons and pure graphite.

Figure 4.10

FTIR spectrum of FSP made BC-TiO2 in comparison to neat biochar.
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4.6

UV-vis bandgap measurements
The diffuse reflectance data taken from UV-vis with an integrating sphere attachment was

used to calculate the optical bandgap energy (eV) of each sample. By means of linear fitting of the
data derived from the Kubelka-Munk theory, the bandgap of FSP-made TiO2 varies depending on
the TTIP concentration. Unfortunately, bandgap changes are slight, with little to no pattern
describing the deviation in values. Since visible light degradation can only take place at 3.2 eV
and below, it is not expected that photocatalytic activity will occur without UV light irradiation.
However, it is worth noting that the FSP process can produce TiO2 that exhibits similar and even
marginally lower energy barrier than the control P25.

Figure 4.11

Tauc plots of P25, MAPP, and Propane where bandgaps were derived from diffuse
reflectance data using the Kubelka-Munk theory.

The bandgaps of the BC-TiO2 samples are more promising than that of TiO2 alone. Each
sample shows an energy barrier well inside of the range for visible light photoactivity. Despite the
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TiO2 formula being the same, the addition of biochar influences the photocatalysts energy barrier.
Biochar is increasing electron density around the TiO2 conduction and valence bands, shifting the
bandgap towards each other. Carbon doping is likely also occurring, broadening the conduction
and valence bands, bringing them closer to each other. In addition to the narrowing of bandgap,
metal ions are drawn to and trapped by the conductive biochar subsequently reducing
recombination.

Figure 4.12

4.7

Bandgap measurements of FSP made BC-TiO2 derived from diffuse reflectance
data using the Kubelka-Munk theory.

TGA analysis
TGA was conducted to examine the purity of TiO2 and the amount of residual organic

contents. The TGA curve shows the weight loss as well as the derivative weight loss of the TiO2
samples. The first stage of weight loss between 25 °C and 100 °C is representative of the loss of
water that had been absorbed on the surface of the powder. This accounted for approximately 4%
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weight loss for P25, 6% for MAPP, but less than 1% for propane. The difference in absorbed water
for the FSP samples can likely be attributed to the additional time since FSP fabrication of the
MAPP sample. For the remainder of heating, MAPP exhibited a slow weight loss of 5% with no
significant peaks in derivative weight loss. Thermal degradation of propane made TiO2 is minimal
with the majority occurring during water loss. P25, however, loses about 7% with significant
weight loss peaks at 225 °C and 310 °C. The large weight loss of P25 is contradictory to what is
found in literature. P25 typically loses between 0.5% and 1.5% weight which means that this
sample may be contaminated. The first weight loss can be attributed to primarily organic residues
in the sample while second residual to be partially inorganics. With no significant weight loss
peaks after water loss, carbon doping as a result of hydrocarbon formation during TiO 2 precursor
thermal decomposition can be ruled out.

Figure 4.13

Weight loss (solid) and derivative weight loss (dashed) peaks of MAPP 15%,
Propane 15%, and P25 obtained from TGA under pure nitrogen flow (100
mL/min).
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4.8

Photocatalytic activity
To measure the efficiency of the degradation test, each sample taken is measured for its

absorbance by UV-vis. The maximum absorbance in the visible light range of the first sample (0
min) is used as the initial concentration. The following times absorbance at the characteristic
wavelength of MB (660 nm), are divided by initial concentration to determine the remaining MB
dye concentration at that point in the test. Examining the control TiO2 P25, the gradual shift in
color in the samples taken from the UV test seen in Figure 4.14, implies the photodegradation over
the duration of the test. To verify this implication, the UV vis absorbance data, displayed in Figure
4.15, shows each sample’s absorbance at 660 nm getting lower, meaning there is a steady decline
in MB dye throughout the test. This trend is more clearly visible in Figure 4.16, the concentration
graphs displaying percent of MB remaining at each time. As shown in Figure 4.16a, within the 90minute test, approximately 90% of MB dye was degraded by P25. Through the same evaluation,
P25 did not degrade MB dye under visible light (see Figure 4.16b).
As shown in Figure 4.16a, the photocatalytic performance of FSP-TiO2, unfortunately is
lower than that of the control. The MAPP prepared TiO2 degraded 60% of MB during the UV test
while propane-TiO2 reduced MB by only 25%. Neither sample was photoactive in visible light
(see Figure 4.16b). Bandgap, one of the key indicators of photocatalytic performance, was
narrower in the FSP made samples than the control, but it was not enough to utilize visible light.
Unfortunately, the lower bandgap did not help these samples outperform P25. One of the reasons
is likely because of the morphology, shown by SEM. Aggregation of nanoparticles negatively
affects the photocatalytic properties of a photocatalyst. Additionally, anatase phase crystals tend
to have higher photocatalytic activity than rutile. 30% and 38% less anatase crystals by weight
were reported in the MAPP and propane samples respectively.
39

Figure 4.14

Photodegradation visually represented by color loss over time in TiO2 samples and
TiO2-BC after photodegradation test. Samples are diluted by 4 times with DI
water.
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Figure 4.15

Absorbance of each sample taken from the P25 UV photodegradation test.
Maximum absorbance, around 660 nm represents the amount of MB dye
remaining in the sample.
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Figure 4.16

Photocatalytic degradation of MB over time: (a) P25 and FSP TiO2 UV test, (b)
P25 and FSP TiO2 visible light test, (c) neat biochar, BC4, BC8, and BC12 UV
test, and (d) neat biochar, BC4, BC8, and BC12 visible light test,

TiO2-decorated biochar does show great success in the photocatalytic degradation tests. As
illustrated in Figures 4.16c and d, TiO2-BC degrades MB in both UV and visible light. Due to the
bandgaps of each sample being lowered into the visible range, the photocatalytic mechanism was
active, unlike TiO2 alone. BC4 under visible light degraded 70% of MB dye during the test while
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BC8 and 12 degraded approximately 60%. To ensure the degradation was photocatalytic rather
than physical adsorption by biochar, neat biochar also underwent the test and degraded between
15 and 20%.
In the UV test, TiO2-BC performed slightly worse than in the visible light test. Although
degradation of MB was still more than 50% for all BC samples, bandgap was lowered making
photocatalytic degradation more efficient in the visible light region but, not necessarily the UV
region. However, due to carbon doping, recombination rate was lowered as a result of carbon
acting as an electron sink, preventing the return to the valence band. Unlike the visible, LED lamp
used, the UV lamp produced significant heat during testing. It is possible that biochar, when
heated, released some of the MB dye that had previously been adsorbed. Neat biochar, throughout
both tests, showed slight degradation over time which was not expected, as they are not
photoreactive. Although, it is possible that during fabrication of graphitic biochar for the use in
the study, trace amounts of iron carbide are present. Since that material is reactive in light, it may
account for the degradation of MB during the photodegradations tests with neat biochar.
As P25 is an industry standard for TiO2 photocatalysis, it is important to compare it against
the FSP made TiO2-BC. To do this, the amount of TiO2 in the BC samples needed to be measured.
Based on the FSP yield estimates in Table 4.1, it was estimated that there was between 10 and 20
mg of TiO2 in 50 mg of TiO2-BC. To make a fair comparison, this amount of P25 was tested in
the UV photocatalytic degradation test. As shown in Figure 4.17, 10 and 20 mg of TiO2 lowered
the concentration of MB by 25% and 52%, respectively. UV photocatalytic degradation of TiO2BC was greater than that of P25, between 60% and 70%. P25 was also not photoactive in visible
light while TiO2-BC was. This proves that the FSP process produces a photocatalyst that has a
higher photocatalytic efficiency than the industry standard TiO2.
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Figure 4.17

UV photocatalytic degradation of MB over time for varying amounts of P25 TiO2.
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CHAPTER V
SUMMARY, CONCLUSIONS AND FUTURE IMPLICATIONS
5.1

Summary and conclusions
In the first portion of the study, the FSP process was employed to fabricate a nanosized

photocatalyst with improved photocatalytic efficiency. A series of TTIP concentrations were
produced with different temperatures in efforts to find the most well performing formula. The
samples with a 15% TTIP concentration in MAPP and propane gas were chosen to examine more
closely as they were the most efficient to produce, and they were representative of the other
samples of the same fuel.
The FSP process produced nanosized TiO2 particles, less than 100 nm, with high
crystallinity. TiO2 remained in mixed phases of anatase and rutile crystals. The phases distribution
was influenced by both concentration of TTIP precursor and flame temperature. Higher
concentration, as well as increasing temperature, produced greater anatase phase. Bandgap of FSPTiO2 remained close to that of P25, with no shift to the visible light range (< 3.2 eV). A major
reason for the absence in bandgap narrowing is believed to be the lack of carbon doping. Formation
of hydrocarbons during thermal decomposition of TiO2 precursor was not evident. In
photocatalytic degradation tests of MB, P25 outperformed the FSP-TiO2. In the UV test, P25
degraded 90% of MB while MAPP and propane samples degraded 60% and 25% respectively.
None of the TiO2 samples tested degraded MB in the visible light test. The poor performance can
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be attributed to aggregation of nanoparticles, preventing the transfer of electrons, and lower
amounts of higher photocatalytic performing anatase phase crystals.
With the lack of efficient performance from neat FSP-TiO2 particles, the next portion of
the study was to use the FSP process to decorate TiO2 onto the surface of biochar. With a modified
collection system, utilizing vacuum suction, the FSP process was conducted for various time
lengths to modify the amount of TiO2 on the biochar surface.
TiO2 decoration of biochar was successful under the FSP process. As FSP time increased,
TiO2 deposition did as well, forming layers of the photocatalysts after 4 minutes. The higher
concentration of TiO2 increased the crystallinity. Additionally, anatase phase content increased
over time. Introducing FSP-TiO2 to biochar narrowed bandgap and reduced recombination due to
biochar’s conductive nature and abundance of free electrons arising from the presence of graphene
in the biochar. The bandgap narrowed to 3.17, 3.01. and 2.99 eV for BC4, BC8, and BC12
respectively. This shift below 3.2 eV allows for the utilization of visible light. Photocatalytic
degradation results for TiO2-BC exceeded that of P25 in visible light where BC4 degraded 50%
and BC8 and BC12 degraded 65% of MB. Also, TiO2-BC effectively degraded MB in UV light
by more than 55%.
The FSP process was successful in fabricating a photocatalyst and decorating it onto the
surface of biochar. Photocatalytic efficiency was improved significantly, into the visible light
range. This method combined physical adsorption and photocatalytic degradation mechanisms that
removed a model organic contaminant from an aqueous solution. In doing so, progress to develop
a facile, efficient, sustainable water treatment method has been made.
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5.2

Future implications
As this study addresses the need for a solution for water pollution, the problem cannot be

solved until an inexpensive method can be scaled. One of the ways that the FSP decoration of
biochar can fulfill this need is by increasing the yield of production. The vacuum collection
mechanism used in this study is modeled after commercial aerosol flame reactors but, is done as a
proof of concept with low capital investment. The commercial collection mechanisms take place
in an enclosed environment with constant airflow to the collection vessel. Scaling the FSP-TiO2
decoration of biochar would require similar design to reduce wasted material and improve
efficiency of the collection. With the same idea in mind, a manufacturing grade airbrush is needed
to maintain consistency and reduce downtime for cleaning and unclogging of the brush.
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